In this Letter, we present a high-resolution photoacoustic endomicroscopy probe based on a microelectromechanical systems (MEMS) scanning mirror. The built-in optical assembly consists of a 0.7 mm graded-index (GRIN) lens for light focusing and a ϕ1 mm MEMS mirror to reflect and scan the beam. A miniaturized unfocused ultrasound transducer with a center frequency of 10 MHz is used for photoacoustic detection. Sharp blades, carbon fibers, and black tapes were utilized to evaluate the performance of the system. In vivo mouse ears and resected rectums were imaged to further demonstrate the feasibility of this probe for potential biological and clinical applications.
For the last decade, photoacoustic tomography (PAT) has remained one of the fastest growing biomedical optical imaging modalities [1] [2] [3] . It has been successfully applied in brain investigation, cancer detection, pathological analysis, arthritis diagnosis, and ophthalmologic examination [4] [5] [6] [7] [8] . Photoacoustic endoscopy (PAE) owns a better contrast compared with ultrasound endoscopy [9] and optical coherence tomography (OCT) endoscopy [10] . In addition, it has a deeper penetration depth compared with pure optical endoscopies, such as confocal endoscopy and fluorescence endoscopy [11] . Although multi-photon endoscopy has a comparable imaging depth with PAE, external contrast agents are required to be introduced [12] . There are three major types of PAE: (1) photoacoustic endo-tomography, which uses an area optical illumination, flat acoustic detection, and algorithm-based image reconstruction; (2) acoustic resolution PAE, which combines focused transducers with an area optical excitation; and (3) optical-resolution PAE (OR-PAE), in which a highly focused light beam is employed to achieve a microscale lateral resolution.
In photoacoustic endo-tomography and acoustic resolution PAE, large-core multimodal optical fibers or optical fiber bundles are used to deliver the light to the sample surface without light converging. The spatial resolution is generally above 0.1 mm, which is mainly limited by the inherent parameters of the acoustic transducer, such as center frequency, bandwidth, and aperture/focus size [1] . Although the lateral resolution of photoacoustic endo-tomography is worse than those of acoustic resolution PAE and OR-PAE, it is able to image deep targets. Several groups developed external-scanning-based spectroscopic photoacoustic endo-tomography probes for intravascular imaging, with which the major components of vessel walls, such as lipid, collagen, fat, elastin, and calcification, can be identified [13] [14] [15] [16] . To improve the spatial resolution of intravascular photoacoustic imaging, Bai et al. presented an optical-resolution intravascular photoacoustic system that can perform both anatomic and spectroscopic photoacoustic imaging with a sacrifice of the imaging depth [17] . Apart from photoacoustic endo-tomography, acoustic resolution PAE employs focused acoustic transducers to balance the spatial resolution and imaging depth. Yang et al. successfully implemented the first internal-scanning-based probe using a focused ringshaped transducer and a geared miniaturized motor [18] . As an increment, they replaced the multimode optical fiber with a combination of a single mode fiber and a GRIN lens in the acoustic resolution PAE probe to achieve optical resolution, and demonstrated its capability through in vivo animal experiments [19] . For OR-PAE, to realize highly focused light in a miniaturized light path, a GRIN lens can be used. Xi et al., for the first time, reported the integration of OR-PAE and OCT in an endoscopic probe using a 0.7 mm GRIN lens [20] . Dong et al. designed a pure optical photoacoustic endoscopic probe by using an optically transparent, coverslip-type, polymeric micro-ring resonator as the ultrasonic sensor and achieved a tangential resolution of 15.7 μm [21] .
All current OR-PAEs utilize external bulky motorized rotators combined with a linear stage to obtain both sectional and volumetric data retrieving. Due to the high-resolution feature of OR-PAE, it is challenging to build either an internal or an external motorized rotational scanning mechanism with sufficient scanning accuracy. In addition, there still remain technical difficulties in developing a two-dimensional (2D) scanning mechanism in OR-PAE using regular mechanical/optical scanning devices. In this Letter, we demonstrate integrating a MEMS mirror for the development of a photoacoustic endomicroscopy (PAEM) probe with high system compactness and data acquisition speed. Compared to the previous hybrid mechanical scanning-based endoscopes, the use of a miniaturized MEMS mirror enables 2D internal scanning with a maximum sweeping frequency of 500 Hz. In addition, MEMS-based scanning will not induce electromechanical noise to the photoacoustic signals and is more accurate than scanning by mechanical motors.
Figure 1(a) shows the schematic of the entire imaging system. We used a high-repetition-rate (20 kHz) 532 nm Nd:YAG pulsed laser with a duration of 7 nanoseconds (ns). Light pulses were split by a beam splitter (BS025, Thorlabs Inc.), in which reflection pulses are detected by a fast photodiode (PD818-BB-21, Newport Crop.) to serve as the trigger and synchronization sources for data acquisition and optical scanning. The transmission pulses are reshaped by an iris (GCM-5702M, Daheng Optics), focused into a 15 μm diameter pinhole by a convex lens for spatial filtering, collimated by another convex lens, and thereby coupled into a single-mode optical fiber via a space-to-fiber coupler (APFC-5T-FC, Beijing Zolix Intruments Co.).
The details of the imaging probe are illustrated in Fig. 2 . The outer diameter of the probe is 6 mm. A single-mode fiber (SMF) encapsulated by a ceramic ferrule (CFLC126-10, Thorlabs) with an outer diameter of 1.25 mm was used to deliver light. A custom designed GRIN lens with a diameter of 0.7 mm and a working distance of 10 mm was used to focus the light beam, which was then reflected by a 2D MEMS scanning mirror (WM-S3.1, WiOTEK). The mirror is driven by a multifunctional data acquisition card (PCI-6731, National Instrument) to realize fast raster scanning of the optical focus on the sample surface. A water cube built with two ultrathin cover glasses was mounted below the MEMS scanning mirror. This cube allowed the low-loss transmission of excitation light and reflection of the generated photoacoustic signal. In addition, it can protect both the MEMS scanning mirror and optical components from potential damage by the acoustic coupling medium. An unfocused customized ultrasonic transducer with a center frequency of 10 MHz, a bandwidth of 70%, and an active aperture of 2 mm was used to detect the photoacoustic signals. To show a large-scale image, we mounted the entire probe on a 2D linear stage to do raster scanning with a step of 0.3 mm, which was smaller than the active imaging area of this probe. The photoacoustic signals were amplified by an amplifier (5073-PR, Olympus Inc.) at ∼39 dB and digitized with a 12 bits data acquisition card (NI-5124, National Instrument, TX) at a sampling rate of 100 MS∕s. Figures 2(b) and 2(c) show photographs of the imaging probe and MEMS scanning mirror. The MEMS mirror has a size of ϕ1 mm, a maximal optical scanning angle of 10°w hen driven by a triangle waveform with a voltage of 4 V, and a max response frequency of 500 Hz. Considering that the designed imaging plane is ∼4 mm away from the center of the MEMS mirror and the largest optical scanning angle of 10°, the maximal field of view (FOV) is estimated to be ∼1.41 mm.
Phantom experiments of surgical blades, carbon fibers, and black tapes were conducted to evaluate the performance of this MEMS-based PAEM system. The sharp edge of the surgical blade was imaged to obtain the edge spread function (ESF), which was further used to derive the line spread function (LSF). We collected 500 A-lines with a 0.8 μm step to form a B-scan, and 500 B-scans to reconstruct a 3D image. Figures 3(a) and 3(b) show the photoacoustic maximum amplitude projection (MAP) image and the corresponding Gaussian-fitted profiles of the imaged blade edge, indicated by the dashed line, respectively. The full width at half-maximum (FWHM) of the LSF, which represents the experimental lateral resolution of the system, is 10.6 μm. The experimental lateral resolution is lower than the theoretical resolution of 9.272 μm [22] . This discrepancy could be mainly caused by the misalignment of the GRIN lens and the unflattened MEMS mirror surface. The axial resolution primarily depends on the bandwidth and center frequency of the ultrasound transducer. As shown in Fig. 3(c) , the FWHM of the Gaussianfitted axial profile of a typical depth-resolved photoacoustic signal is ∼105 μm, which agrees well with the theoretical axial resolution (107 μm) [23] . Black tapes were imaged to evaluate the sensitivity over the entire FOV. As Fig. 3(d) shows, the sensitivity decreases from the center to the edge of the transducer. However, the area with a diameter of 0.4 mm in the center of the transducer, as indicated by the dashed green lines, has a nearly flat response. To guarantee the best image quality, we limited the FOV to be 0.4 mm by setting the driving voltage of the MEMS mirror to be 1.5 V. Multiple 7 μm carbon fibers were embedded in a background with an optical absorption coefficient of 0.007 mm −1 and a reduced scattering coefficient of 1 mm −1 to simulate the vascular network in mouse colons. Figure 4 (a) shows a merged photoacoustic MAP image of carbon fibers with an imaging area of 2 mm × 1 mm, which is generated from 18 sub images with a sub scanning area of 0.4 mm × 0.4 mm. Figures 4(b) and 4(c) present two selected sub images, which both contain 500 × 500 sampling points.
To further demonstrate the feasibility of our probe on biological tissues, we performed in vivo imaging of a mouse ear and ex vivo imaging of an excised mouse rectum. Before the in vivo experiments, the hair on the mouse ear was gently removed using a hair removing cream to avoid the strong photoacoustic signals from the hair. The mouse was anesthetized with injection of chloral hydrate and kept asleep using isoflurane (4% for induction). After the in vivo experiments, the mouse was sacrificed and a piece of colon tissue was dissected. All procedures were approved by the University of Electrical Science and Technology of China (UESTC). For the experiments, 400 A-lines with a 1 μm interval were collected to form a B-scan and 400 B-scans were used to recover a 3D image. All images were obtained without averaging the signals. Figure 5 presents the in vivo and ex vivo animal results. Figures 5(a) and 5(b) show both MAP and sub images of the selected regions in a mouse ear and an expanded colon tissue, which are 1.6 mm × 1.3 mm and 2.5 mm × 0.7 mm, respectively. For ear imaging, a total number of 20 sub images with a size of 0.4 mm × 0.4 mm was acquired and merged in four rows and five columns. For colon imaging, 16 sub images were arranged in two rows and eight columns. Both results clearly show the vascular networks, including large vessels, small vessels, and capillaries vessels.
In summary, we developed a miniaturized photoacoustic endomicroscope using a MEMS scanning mirror that provides an active imaging area of 400 μm × 400 μm. The use of a GRIN lens and a 10 MHz acoustic transducer provides a high lateral resolution of 10.6 μm and a moderate axial resolution of 105 μm. We demonstrate that this probe works well for phantom and animal experiments and has the potential for future clinical applications. Unlike conventional PAE, which use external bulky mechanical scanning devices, a MEMS scanning mirror has the advantages of small size, easy operation, stable performance, and low cost. Since the diameter of this probe is 6 mm and the length is 30 mm, we can insert it into a clinical endoscopic channel for wide-field imaging of the gastrointestinal tract. However, we still need to overcome some limitations associated with our current probe before it can be translated to clinical applications. First, in terms of the imaging speed, it is mainly limited by the maximum repetition rate of the laser (20 kHz). A full-view image of each in vivo experiment has a frame size of 400 × 400 which requires 8 s to complete the data acquisition. However, the maximum scanning frequency of the MEMS mirror is 500 Hz, which can offer 1000 B-scans per second (2.5 volumes per second) in bi-directional scanning if a fast laser is used. Second, a highfrequency ultrasound transducer can significantly improve the imaging capability by improving the axial resolution with sacrifice of the sensitivity. 
